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Abstract. Star-forming regions have been tentatively associated with gamma-ray sources
since the early days of the COS B satellite. After the many sources detected by the Compton
Gamma-Ray Observatory, the statistical evidence for such an association has became over-
whelming. Recent results from imaging atmospheric Cherenkov telescopes indicate that
some high-energy sources are produced in regions of active star formation like Cygnus
OB2 and Westerlund 2. In this paper I will review what kind of stellar objects can produce
gamma-ray emission in star-forming regions and I will suggest that the formation process of
massive stars could in principle result in the production of observable gamma ray emission.
Gamma-ray astronomy, will be argued, is mature enough as to contribute to the study of the
birth of massive stars.
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1. Introduction
The identification of star-forming regions
(SFRs) with gamma-ray sources has a rather
long story that can be traced till the first at-
tempts to make statistical correlation analy-
sis between COS-B data on high-confidence
gamma-ray sources and SFRs (Montmerle
2000). With the advent of the Compton
Gamma-Ray Observatory and the Energetic
Gamma-Ray Experiment Telescope (EGRET)
the statistical evidence for a physical associa-
tion became overwhelming (Kaaret & Cottam
1996; Romero et al. 2000). In the early 1980s,
theories of cosmic-ray acceleration in the
strong winds of early-type stars were worked
out in great detail and massive stars were
proposed as potential gamma-ray sources
Send offprint requests to: G.E. Romero
(Casse´ & Paul 2000; Vo¨lk & Forman 2000;
White 2000; Pollock 2000). However, other
types of sources could contribute to the
gamma-ray emission detected in the direc-
tion of SFRs; sources such as accreting black
holes, pulsars, supernova remnants, and pul-
sar wind nebulae. It was not until the discov-
ery of the extended unidentified source TeV
J2032+4130 in Cygnus OB2 by the HEGRA
array of imaging Cherenkov telescopes in 2002
(Aharonian et al. 2000) that the hypothesis of
a high-energy source powered by stellar ef-
fects in a SFR was considered sound from
an observational point of view, despite early
predictions (Giovannelli 2000). Since then,
other two high-energy sources have been de-
tected in SFRs: Westerlund 2 (Aharonian et al.
2000) and W43 (H.E.S.S. report at th 2008
Heidelberg meeting). All this points out in the
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direction that early-type stars and the collective
effects of their winds can accelerate particles
beyond TeV energies and produce significant
gamma-ray emission. In this review, I will dis-
cuss how gamma rays can be produced by stars
in the different evolutionary stages of a SFR.
2. Massive star formation
The formation and early evolution of mas-
sive stars are not yet well understood. Two
different basic mechanisms have been pro-
posed. These mechanisms do not necessar-
ily exclude each other. They are the accre-
tion (Osorio et al. 2000; McKee & Tan 2000)
and the coalescence (Bonnell et al. 2000) mas-
sive star formation processes. In the first case
the massive star is formed by accretion of
gas in a dense molecular core. Such an accre-
tion episode is always accompanied by ejec-
tion of thermal jets that propagate inside the
molecular cloud and sometimes even break out
from it (Garay & Lizano 2000). In the coales-
cence picture the high-mass stars are formed
by merging of low and intermediate mass pro-
tostars in the dense cluster environment. In ei-
ther case the formation takes place inside a
dense and giant molecular cloud. The SFR,
then, starts as a giant dark cloud that is soon
heated and illuminated by the star formation
that goes on in its interior. As time goes by,
the massive stars are formed and their strong
winds sweep the ambient material giving rise
to a mature open cluster.
The dense molecular clouds that are the
cradles of massive stars have relative small
sizes (< 0.1 pc), high temperatures that make
of them strong IR sources (T > 100 K), densi-
ties of the order of ∼ 107 cm−3 or higher, and
high luminosities in the range of 104 − 106 L.
The conditions of the medium are surely not
homogeneous, with a power-law density distri-
bution n ∝ r−p, with p in the range between 1.3
and 1.8 (Garay 2000). The massive stars are
formed under very high infall mass rates of the
order of 10−3 − 10−2 M yr−1. The whole for-
mation process is rather rapid, with timescales
of the order of a few kyr.
One way to test the different scenarios pro-
posed for massive star formation is the detec-
tion of outflows related to the accretion process
in massive protostars. As we will see, there are
some prominent examples of such outflows.
3. Collective effects in regions of star
formation
Once a massive stellar association is formed,
the combined effects of the stellar winds are
expected to result in particle acceleration up
to relativistic energies (Bykov & Fleishman
2000; Giovannelli 2000; Bednarek 2000).
In addition, supernova explosions of very
massive (and hence quickly evolving) stars
can help to create super-bubbles and col-
lective shocks where particles can be effi-
ciently accelerated. Hence, the average cos-
mic ray (CR) density in SFRs is expected
to be higher than the galactic average. The
locally generated CRs can interact with
both extended passive targets, like molec-
ular clouds, the rich intra-cluster medium
(Black & Fazio 2000; Aharonian & Atoyan
2000; Gabici et al. 2000), or with the very
same winds of the massive stars (Torres et al.
2000). In the latter case, a modulation effect
due to convection is expected, and hence the
low-energy emission would be greatly dimin-
ished or suppressed. Such a picture might cor-
respond to that of extended TeV sources with-
out significant correlated emission at low ener-
gies like TeV J2032+4130 (Butt et al. 2000,?;
Horns et al. 2000).
4. Gamma-ray emission from
massive stars and colliding wind
binary systems
Individual hot stars with strong winds have
been suggested also as potential sources
of high-energy particles and gamma rays
(Casse´ & Paul 2000; Vo¨lk & Forman
2000; White 2000; Chen & White 2000;
White & Chen 2000). In some of these works
particle acceleration occurs mainly at the
wind terminal shock and in others at shocks
embedded in the winds. Some of these works
predicted detections of isolated massive stars
by EGRET, something that did not happen.
Efficient electron and proton acceleration
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in the inner wind are unlikely, because of
the strong losses to which both species are
exposed during the processes. In addition,
even if some gamma rays are produced they
will be absorbed by the stellar photosphere
producing electron-positron pairs.
Models based on colliding winds in mas-
sive binary systems, on the contrary, seem
to be far more promising (Eichler & Usov
2000). The clear detection of non-thermal ra-
dio emission from the colliding wind region
in some systems like WR140, WR146, WR
147, and Cyg OB2 #5 indicate that elec-
trons are been accelerated up to relativis-
tic energies in these binaries. These elec-
trons are located relatively close to the sec-
ondary star, so they should have strong in-
verse Compton losses which might result in
a detectable gamma-ray signal (Benaglia et al.
2000; Benaglia & Romero 2000). Protons can
also be accelerated in the colliding wind shock
and they can interact either with the wind
material (Pittard & Dougherty 2000) or they
can diffuse to interact with nearby molec-
ular clouds (Benaglia et al. 2000). Detailed
models have been recently developed for
systems like WR140 (Pittard & Dougherty
2000; Reimer et al. 2000) and for WR20a
(Bednarek 2000). This latter system, however,
is not resolved at radio wavelengths and since it
is very compact, strong high-energy photon ab-
sorption should take place. In addition, inverse
Compton losses should impose a very low en-
ergy cutoff to the population of relativistic par-
ticles.
It is widely expected that GLAST-Fermi
satellite and even perhaps AGILE could de-
tect some colliding wind binaries as weak
sources. Depending on the orbital parameters,
these sources might appear as highly variable
at MeV-GeV energies. It is however dubious
whether they can accelerate particles up to TeV
energies.
5. Gamma rays generated by massive
protostars
In very young SFRs, the gravitational con-
traction of dense molecular cores can give
rise to a very rich phenomenology. Molecular
clouds are clumpy and highly inhomogeneous.
In over-dense regions massive protostars are
formed and ultra-compact regions of ionized
gas surrounds them. The size of these regions is
very small, ≤ 0.05 pc, implying short lifetimes
of the order of 103−4 yr. The cloud around the
protostar is heated and radiates in the IR with
extremely high luminosities that can reach 105
L in some cases. The pre-stellar core is likely
to have angular momentum resulting in the for-
mation of protostellar disks. Evidence for the
existence of such disks in been found through
IR, optical and line observations. Magnetic
fields, which are thought to be strong in the
inner cores of the molecular clouds (Crutcher
2000), are dragged in and twisted by the in-
falling matter. The result is a magnetic tower
that can launch and collimate a thermal jet,
with terminal velocities of up to a few thousand
km s−1. Such outflows are observed in numer-
ous clouds. The accretion rate at this phase can
be as high as several times 10−3 M yr−1. The
whole formation process can last ∼ 105 yr.
As time goes by, the star starts to burn
hydrogen and the subsequent wind blows up
the circumstellar disk and the jet is quenched.
Maser emission is a good tracer of the dif-
ferent aspects of the formation process. Three
molecules are of particular importance: H2O,
OH, and CH3OH. This maser emission not
only acts as a signspot of active SFRs, but also
provides unique information on the physical
conditions in the inner regions of the molecular
core.
Water maser emission is usually associated
with the presence of molecular outflows and
disks. The lines present a wide spread in veloc-
ities, that indicates the motions of the molec-
ular material in the region. Hydroxyl masers
are indicators of the presence of ultra-compact
HII regions. They are always associated with
the densest parts of the cloud, being originated
in extremely small regions of less than 1016
cm. Finally, methanol lines arise in shocked
gas that is located at the interface between
the mass outflow and the external medium.
Altogether, these maser lines can shed light on
many aspects of the massive star forming pro-
cess (Garay & Lizano 2000).
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Fig. 1. Spectral energy distribution of the termina-
tion point of the jet of a massive young stellar object
(Araudo et al. 2007).
The jets of massive young stellar objects
propagate through the molecular cloud and
can break out from its boundaries or can end
inside the cloud, remaining hidden at opti-
cal wavelength. Radio observations, however,
reveal the presence of jets as thermal, elon-
gated features (Martı´ et al. 2000). At the end
points of the jets strong shocks are expected
to form. These shocks can be sites of diffu-
sive shock acceleration, as indicated by the de-
tection of non-thermal emission of synchrotron
origin in a few sources, like IRAS 16547−4247
(Garay et al. 2000; Rodrı´guez et al. 2000),
Serpens, W3(OH) (Wilner et al. 2000) and
HH 80-81 (Martı´ et al. 2000). The first case
is particularly interesting, since it seems to
be a massive protostar completely embedded
in a dense molecular cloud with an extreme
IR luminosity of L ∼ 6.2 × 104L ≈ 2.4 ×
1038 erg s−1. The source is located at 2.9 kpc
(Garay et al. 2000). The total mass of the
cloud is Mcl = 9 × 102 M. Molecular line
observations indicate that the size of the cloud
is ∼ 0.38 pc in diameter (≈ 1.1 × 1018 cm).
Assuming a spherical geometry, the averaged
particle (atoms of H) density of the cloud
is ncl ≈ 5.2 × 105 cm−3. The energy den-
sity of IR photons in the cloud, assuming an
homogeneous distribution, is wph ≈ 1.8 ×
10−9 erg cm−3.
The combined effect of many protostars
in the core of a very young OB association
might be even responsible for some uniden-
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Fig. 2. Spectral energy distribution of particles ac-
celerated in the reverse shock at termination point of
the jet of a massive young stellar object. Diffusion
into the molecular cloud and the corresponding pp
contribution of the particles is considered in the to-
tal emission. The parameters correspond to HH 80-
81. Fermi sensitivity at 5σ after 1 yr is indicated
(Romero et al. 2009).
tified EGRET sources found in the plane in
positional coincidence with such associations
(Romero et al. 2000). The higher angular res-
olution of GLAST can differentiate the differ-
ent individual contributions after long expo-
sures.
In the case that the jet has slowed down
significantly, the most propitious site for par-
ticle acceleration will be the reverse shock in
the thermal plasma of the outflow. Protons can
escape and diffuse into the swept material and
the molecular cloud. Such a situation is illus-
trated in Fig. 5, where we show a spectral en-
ergy distribution estimated for the case of the
region HH80-81 (Romero et al. 2000).
Radio observations made with the
Australia Telescope Compact Array and the
deeper observations with the Very Large Array
show the existence of a triple radio source
inside the molecular cloud. The three com-
ponents of the radio source are aligned in the
northwest-southeast direction, with the outer
lobes separated from the core by a projected
distance of 0.14 pc. The central source is elon-
gated and has a spectral index of 0.33 ± 0.05
(S ν ∝ να), consistent with free-free emission
from a collimated jet (Rodrı´guez et al. 2000).
The integrated emission from the northern
lobe has a spectral index of −0.32 ± 0.29,
of dubious thermal/non-thermal nature. The
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southern lobe, instead, is clearly non-thermal,
with an index α = −0.59 ± 0.15. The inferred
linear size for this lobe is ≈ 1016 cm.
The presence of relativistic particles in
such a complex medium suggest that high-
energy emission is likely to occur due to rel-
ativistic Bremsstrahlung and inverse Compton
interaction with IR photons in th case of elec-
trons, and through inelastic pp collisions in
the case of nuclei. The magnetic field in the
region of non-thermal radio emission can be
estimated assuming equipartition and the ob-
tained values are in agreement with direct mea-
surements by Zeeman effect (Crutcher 2000).
Typical fields are of the order of 103 G. The
acceleration efficiency through diffusive shock
acceleration at the terminal jet region in the
jet material is small (∼ 10−5) but enough to
yield maximum energies for primary electrons
and protons of the order of 3 TeV and 60 TeV,
respectively, in the case of a proton to elec-
tron density ratio of 100, similar to what is
observed in the galactic cosmic ray spectrum.
The spectral energy distribution produced by
these particles through the different cooling ra-
diative mechanisms is shown in Fig. 5. In this
spectrum not only the contribution from pri-
mary particles is shown, but also the emission
from secondary pairs resulting from charged
pion decay chains (Araudo et al. 2000).
6. Conclusions
Star-forming regions can generate gamma-rays
through different processes during their evo-
lution from dark clouds to open clusters. In
the early stages of star formation, the contribu-
tion from individual protostars can reach inte-
grated luminosities above 100 MeV of around
1033 erg s−1. The composed emission of several
of such YSO can illuminate the massive dark
cloud in gamma-rays producing a detectable
source. Higher resolution telescopes like LAT
of the GLAST-Fermi satellite might resolve
the individual sources, then opening a new ob-
servational window to the study of massive
star formation. Strong IR luminosities, non-
thermal radio emission and maser activity are
the best tracers for such young protostellar ob-
jects.
Once the SFR has aged and early-type
massive stars are formed, colliding wind bi-
naries can be significant gamma-ray sources
for GLAST-Fermi satellite. Luminosities up to
1034 erg s−1 at E > 100 MeV can be ex-
pected for WR-OB systems like WR 140. The
best indication of efficient particle acceleration
in such objects is the clear detection of no-
thermal radio emission from the colliding wind
region. Protons might escape the system illu-
minating nearby molecular clouds.
When the SFR has evolved into an open
cluster, the collective effect of stellar winds
of the strongest O stars and supernova rem-
nants can produce large-scale effects, includ-
ing particle acceleration up to TeV energies.
Such heterogeneous sources can be detected
in gamma rays with Cherenkov telescope ar-
rays as extended sources positionally coinci-
dent with OB associations and open clusters.
Regarding isolated massive stars, it seems
very dubious to the author whether they can
produce a significant amount of high-energy
emission. Particle acceleration in the inner stel-
lar winds could hardly be efficient, and in any
case losses, both radiative and adiabatic, make
very difficult for the particles to reach high-
energies.
Star-forming regions are promising sites
for the production of gamma rays, by differ-
ent mechanisms, along their entire evolution.
In the next few month and years, star formation
studies might incorporate gamma-ray astron-
omy to probe the most extreme consequences
of the formation and evolution of massive stars.
7. DISCUSSION
WOLFGANG KUNDT : I appreciate your
evidences of non-thermal emission by bi-polar
flows in star forming regions, but I mis-
trust the boosting scenario which you pro-
pose: it is likely to violate the Second Law
of Thermodynamics. My preferred model is
pair-plasma jets created by the distortions of
the YSO’s magnetosphere (Ap&SS, 148, 343,
1988). See also my work with Gopal-Krishna
in my homepage under ‘hot topics’ (URL:
www.astro.uni-bonn.de/∼wkundt/).
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GUSTAVO E. ROMERO: Thanks for
your comment and the references. In the case
of YSO I must remark that molecular outflows
are observed with sub-mm instruments, sug-
gesting that the outflow is baryon-loaded.
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